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HIGHLIGHTS 


►  Ru(Pt)/C  electrocatalysts  were  synthesized  using  spontaneous  deposition. 

►  The  Ru  species  deposition  was  fitted  to  a  Roginsky— Zeldovich— Elovich  kinetics. 

►  The  maximum  activity  was  achieved  for  coverage  (0)  of  about  0.25. 

►  The  ECSA  increase  for  6  <  0.25  was  related  to  deposition  of  reducible  Ru  oxides. 

►  The  Tafel  slopes  were  related  to  the  coverage  by  Ru  species. 
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Carbon-supported  Pt  nanoparticles  (Pt/C)  were  modified  by  spontaneous  deposition  of  Ru  species  in 
0.1  M  HC104  solutions  with  different  Ru  concentrations  and  treatment  duration.  Cyclic  voltammetry  (CV) 
of  thin-layer  electrodes  in  0.5  M  H2SO4  allowed  determining  the  coverage  ff  of  Pt  by  the  Ru  deposits.  The 
CO  oxidation  activity  of  the  Ru-decorated  Pt  specimens  (Ru(Pt)/C)  was  evaluated  by  CO  stripping 
measurements  in  the  same  background  electrolyte.  The  activity  towards  methanol  and  ethanol  oxidation 
was  tested  using  CV  in  0.5  M  H2S04  with  1.0  M  CH3OH  or  1.0  M  CH3CH2OH.  A  promotional  effect  of  all  the 
anodic  reactions  due  to  the  introduction  of  Ru  species  was  detected,  with  a  significant  reduction  of  the 
overpotential  in  all  cases.  The  optimum  coverage  for  achieving  the  best  CO  oxidation  activity  and  the 
highest  current  for  the  oxidation  of  these  alcohols  was  found  around  6  =  0.20—0.30,  indicating  the 
involvement  of  CO  as  intermediate  in  the  oxidation  pathway  of  both,  methanol  and  ethanol.  The 
observed  activation  was  mainly  assigned  to  the  deposited  hydrous  Ru  oxide  (RuO^Hy).  The  Tafel  slopes 
were  analyzed  and  discussed  on  the  basis  of  the  presence  of  Ru  species  and  the  proposed  mechanism  for 
each  oxidation  reaction. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  an  extensive  research  on  polymer  electrolyte  fuel  cells 
(PEFCs)  has  been  made  owing  to  their  excellent  performance  as 
energy  supplier  systems  with  high  conversion  capability,  low 
operating  temperature,  and  scarce  production  of  contaminant 
exhaust  [1],  Although  hydrogen  is  the  most  employed  fuel  in  this 
kind  of  devices  because  it  presents  fast  oxidation  kinetics  on  Pt- 
based  electrocatalysts  [2],  PEFCs  operating  with  low-molecular 
weight  organic  molecules  and  without  a  previous  reforming  step 
have  attracted  large  research  efforts  [3],  Thus,  the  direct  methanol 
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[4-13]  and  direct  ethanol  [14-20]  fuel  cells,  DMFCs  and  DEFCs, 
respectively,  use  easy-handling  liquid  electrolytes,  the  production 
cost  of  the  fuel  is  low,  and  they  can  be  easily  incorporated  in 
portable  electronic  systems.  Both  DMFCs  and  DEFCs  share  the 
problem  of  the  CO  generation  as  intermediate  in  the  corresponding 
oxidation  pathways  to  CO2,  which  poisons  the  Pt  active  sites  [9,16], 
This  problem  can  be  solved  using  Pt— Ru  instead  of  pure  Pt  since  the 
presence  of  Ru  allows  achieving  higher  tolerance  against  the  CO 
poisoning,  thereby  improving  the  electrocatalytic  properties  for 
methanol  (MOR)  and  ethanol  (EOR)  oxidation  reactions  [7],  This 
enhancement  of  the  anodic  reactions  is  generally  explained  on  the 
basis  of  a  bifunctional  mechanism  that  occurs  through  the  partic¬ 
ipation  of  oxygenated  species  formed  on  Ru  atoms  by  water 
discharge  at  lower  potential  than  on  Pt  atoms  [8],  As  additional 
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contribution,  a  ligand  effect  has  also  been  established,  based  on  the 
alteration  of  the  Pt  electronic  structure  that  originates  a  weakening 
ofthePt-CObond  [21], 

In  view  of  the  superior  activity  of  bimetallic  electrocatalysts, 
research  efforts  have  been  concentrated  in  the  synthesis  of 
carbon-supported  Pt— Ru  alloy  nanoparticles  (Pt— Ru/C)  because 
the  alloyed  systems  allow  a  closer  contact  between  the  Pt  and  Ru 
atoms  [22,23].  However,  there  is  no  consensus  about  the 
optimum  Ru  composition  which  causes  the  maximum  activity  for 
the  fuel  oxidation,  principally  in  the  case  of  methanol.  Thus, 
Arico  et  al.  [4]  found  the  maximum  activity  with  a  composition 
of  50  at%  Ru  when  analyzing  the  methanol  oxidation  on 
unsupported  Pt-Ru  nanoparticles.  In  contrast,  Gasteiger  et  al.  [7] 
reported  a  lower  optimum  Ru  surface  composition  of  10  at%  at 
25  °C,  changing  to  30  at%  at  60  °C,  for  smooth  polycrystalline  Pt- 
Ru  alloys.  Frelinlc  et  al.  [6]  also  reported  a  most  favorable  surface 
Ru  content  of  15  at%  for  the  MOR  on  co-deposited  Pt-Ru  elec¬ 
trodes  characterized  with  an  electrochemical  quartz  crystal 
microbalance.  The  disparity  of  results  can  be  explained  attending 
the  different  Ru  speciation  on  the  Pt  surface,  i.e.,  Ru  can  appear 
as  metallic  Ru,  ruthenium  oxide  (RuCh)  or  hydrous  ruthenium 
oxide  (RuOxHj,)  [24,25],  According  to  Rolinson  et  al.  [26],  the 
different  Ru  species  can  be  involved  in  the  promotional  effect  of 
the  CO  and  the  carbonaceous  fuel  oxidation  with  dissimilar 
activation  result. 

The  above  considerations  indicate  that  the  knowledge  of  the 
actual  Ru  surface  composition  is  essential  in  order  to  compare  Pt- 
Ru  electrocatalysts  with  different  Ru  fractions.  For  this  purpose, 
a  trustworthy  strategy  for  the  preparation  of  Pt  electrocatalysts 
with  an  accurate  control  of  the  surface  coverage  by  the  Ru  species 
has  been  based  on  the  spontaneous  deposition  technique  [27—32], 
The  corresponding  XPS  analyses  have  shown  that  the  main  species 
formed  during  the  spontaneous  deposition  are  Ru  oxides  [29],  This 
procedure  has  been  predominantly  used  for  the  Ru  decoration  of  Pt 
( hkl )  electrodes  for  the  MOR  evaluation,  where  the  Ru-modified  Pt 
(111)  face  electrode  has  been  found  as  the  most  favorable  electro- 
catalytic  surface  [28,29],  Thus,  Iwasita  et  al.  [28]  reported  a  wide 
optimum  Ru  surface  composition  ranging  from  10  to  40  at%  for  the 
MOR  at  Ru  deposits  on  Pt  (111)  surface.  However,  less  is  known 
about  Ru  spontaneous  deposition  on  Pt  nanoparticles  that  lead  to 
applicable  electrocatalysts  for  PEFC  anodes.  Waszczuk  et  al.  [32] 
synthesized  Ru-decorated  unsupported  Pt  nanoparticles  and 
found  a  more  suitable  Ru  packing  density  of  0.4-0.5  when  they 
were  tested  for  the  MOR.  In  contrast,  when  Maillard  et  al.  [31] 
compared  the  MOR  on  Ru-modified  carbon-supported  Pt  nano¬ 
particles  prepared  by  spontaneous  or  electrochemical  deposition, 
optimum  surface  coverages  of  10  and  20  at%,  respectively,  were 
found.  As  far  as  we  know,  no  previous  work  has  been  focused  on  the 
analysis  of  the  coverage  of  carbon-supported  Pt  nanoparticles  by  Ru 
species  towards  the  CO  oxidation  and  its  connection  with  MOR 
and  EOR. 

This  paper  presents  the  electrochemical  analysis  of  Ru-modified 
Pt  nanoparticles  supported  on  Vulcan  XC-72  for  the  MOR  prepared 
by  means  of  the  spontaneous  deposition  technique  (Ru(Pt)/C 
electrocatalysts).  For  this  purpose,  the  thin-layer  electrode  tech¬ 
nique,  consisting  in  the  deposition  of  aliquots  of  electrocatalyst 
aqueous  suspensions  on  glassy  carbon  (GC)  electrodes,  was  per¬ 
formed.  The  Ru  deposition  process  was  characterized  and  the 
influence  of  the  Ru  precursor  concentration  as  well  as  the  duration 
of  the  modification  step  was  investigated.  The  surface  modification 
of  the  electrocatalyst  and  the  kinetic  parameters  for  the  CO 
oxidation,  MOR  and  EOR  in  acid  media  were  studied  by  cyclic  vol¬ 
tammetry.  The  influence  of  the  coverage  by  the  Ru  species  on  the 
electrocatalytic  ability  was  evaluated  to  determine  the  optimum 
compositions  for  such  anodic  reactions. 


2.  Experimental 

2.1.  Materials  and  reagents 

High  performance  (HP)  20  wt%  Pt  nanoparticles  supported  on 
carbon  Vulcan  XC-72  (Pt/C  electrocatalyst,  actual  analysis  giving 
19.6  wt%  Pt  on  carbon)  was  acquired  from  E-Tek.  GC  disk  elec¬ 
trodes  of  3  mm  diameter  were  provided  by  Metrohm.  Hydrous 
ruthenium  chloride  (RUCI3XH2O,  Ru  content  38  wt%)  and  analyt¬ 
ical  grade  70%  HCIO4  from  Merck  were  used  for  the  preparation  of 
RUCI3/HCIO4  solutions.  96%  H2SO4,  99.9%  methanol  and  99.9% 
ethanol  were  of  analytical  grade  from  Merck  and  Panreac.  All 
solutions  were  prepared  with  high-purity  water  obtained  from 
a  Millipore  Milli-Q  system  (resistivity  >  18  MQ  cm).  Ar  gas  was 
Linde  5.0  (purity  >  99.999%)  and  CO  gas  was  Linde  3.0 
(purity  >  99.9%). 

2.2.  Electrode  preparation 

Aqueous  slurries  with  3.0  mg  ml-1  of  Pt/C  electrocatalyst  were 
prepared  by  sonicating  for  45  min  appropriate  amounts  of  catalyst 
powder  and  ultrapure  water.  Afterward,  3.0— 3.5  pi  of  the  well 
dispersed  ink  was  deposited  by  means  of  a  digital  micropipette  on 
the  surface  of  the  GC  disk  electrode.  The  prepared  electrodes  were 
dried  under  the  heat  of  a  lamp  for  15  min  and  further,  they  were 
coupled  to  an  Ecochemie  Autolab  RDE  to  be  used  as  working 
electrodes  of  the  spontaneous  deposition  process  and  the  electro¬ 
chemical  measurements.  The  final  Pt  loadings  on  the  GC  surface 
were  always  30  pg  cm-2.  Prior  to  the  ink  deposition,  the  GC  tip  was 
consecutively  polished  with  aluminum  oxide  pastes  of  0.3  and 
0.05  pm  (Buehler  Micropolish  II  deagglomerated  a-alumina  and  y- 
alumina,  respectively)  on  a  Buehler  PSA-backed  White  Felt  pol¬ 
ishing  cloth  until  achieving  a  mirror  finish,  being  rinsed  with  Mil¬ 
lipore  Milli-Q  water  in  an  ultrasonic  bath  between  the  polishing 
steps.  The  coverage  of  GC  by  the  Pt/C  ink  approached  100%  in  all 
cases. 

2.3.  Electrochemical  measurements 

The  electrochemical  experiments  were  performed  with  a  Met¬ 
rohm  200-ml  thermostated  double  wall  three-electrode  glass  cell 
and  an  Ecochemie  Autolab  PGSTAT100  potentiostat-galvanostat 
with  computerized  control  by  Autolab  Nova  1.5  software.  A  Pt  rod 
of  3.78  cm2  apparent  area  was  used  as  the  auxiliary  electrode  and 
a  double  junction  Ag  |  AgCl  I KC1  (saturated)  electrode  (Eref  =  0.199  vs 
SHE)  was  employed  as  the  reference  electrode.  All  potentials  given 
in  this  work  are  referred  to  the  SHE  scale.  The  measurements 
started  with  a  potential  cycling  step  in  0.5  M  H2SO4  electrolyte, 
which  was  firstly  deaerated  by  bubbling  Ar  for  30  min.  For  this 
purpose,  10  cyclic  voltammograms  at  0.10  V  s-1,  5  more  at 
0.05  V  s-1,  and  3  more  at  0.02  V  s-1  between  0.02  and  0.65  V,  were 
consecutively  performed  under  Ar  atmosphere  at  25.0  °C.  The 
recorded  cyclic  voltammograms  were  practically  quasi-steady  after 
the  second  cycle,  evidencing  the  stability  and  cleanness  of  the 
prepared  electrodes. 

CO  stripping  measurements  were  conducted  in  0.5  M  H2SO4 
between  0.02  and  0.98  V  at  0.02  V  s-1  and  25.0  °C  under  Ar 
atmosphere.  CO  was  previously  bubbled  through  the  solution  for 
15  min,  keeping  the  electrode  potential  at  0.10  V  to  assure  its 
complete  adsorption.  The  CO  dissolved  in  the  electrolyte  was 
further  removed  by  Ar  bubbling  for  30  min.  After  the  stripping, 
supplementary  cyclic  voltammograms  were  recorded  to  check  the 
complete  removal  of  the  adsorbate.  Comparative  CO  stripping 
voltammograms  were  recorded  before  and  after  the  spontaneous 
deposition  step. 
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MOR  and  EOR  were  studied  by  cyclic  voltammetry  in  0.5  M 
H2S04  with  1.0  M  CH3OH  or  1.0  M  CH3CH2OH.  Each  solution  was 
previously  deaerated  by  Ar  sparging  for  30  min  and  the  gas  flow 
was  passed  over  the  electrolyte  during  the  potential  cycling.  The 
electrode  was  firstly  cycled  in  deaerated  0.5  M  H2SO4  and  then,  it 
was  washed  with  Millipore  Milli-Q  water,  dried,  and  transferred  to 
the  cell  containing  the  corresponding  deaerated  acidic  alcohol 
solution.  Cyclic  voltammograms  between  0.00  and  0.65  V  at 
0.02  V  s_1  and  25.0  °C  were  recorded. 


2.4.  Spontaneous  deposition 

The  preparation  of  the  Ru-modified  Pt/C  electrocatalysts 
(Ru(Pt)/C)  was  made  by  immersing  the  thin-layer  Pt/C  electrodes  in 
deaerated  X  M  RUCI3  with  0.1  M  HCIO4  solutions  at  25.0  °C,  with 
X  =  1.0  x  10_4-1.0  x  10-2  M,  for  a  time  between  60  and  1.8  x  104  s. 
The  RUCI3/HCIO4  solutions  were  left  aging  for  at  least  a  week  to 
facilitate  the  formation  of  aqueous  Ru  complexes,  which  were 
qualitatively  examined  by  UV— visible  spectroscopy  using  a  UV- 
1800  Shimadzu  spectrophotometer.  Previous  to  the  deposition 
step,  the  electrode  was  subjected  to  potential  cycling  in  deaerated 
0.5  M  H2S04  and  then,  washed  with  ultrapure  water,  carefully 
dried,  and  introduced  in  the  RUCI3/HCIO4  solution.  After  the  surface 
modification,  the  resulting  electrodes  were  washed  with  ultrapure 
water,  dried  and  positioned  again  in  deaerated  0.5  M  H2SO4  for  the 
acquisition  of  a  new  cyclic  voltammogram  routine.  The  coverage  by 
Ru  species  of  the  Ru(Pt)/C  electrocatalysts  ( 8 )  was  calculated  from 
Eq.(l)  [30,33]: 

a  Qh,0-Qh,1 

“  —  ~~Lw -  i1) 

Qh,o 

where  Qh.o  and  Qh,i  are  the  charge  involved  in  the  monoatomic 
hydrogen  adsorption  and  desorption  processes  (with  subtraction  of 
the  double  layer  contribution)  before  and  after  the  spontaneous 
deposition  process,  respectively.  The  coverage  of  the  electrocatalyst 
was  stable  with  the  potential  cycling  and  reproducible  under  the 
same  experimental  conditions,  achieving  values  between  8  —  0.00 
and  8  =  0.62.  Once  the  coverage  was  determined,  CO  stripping  and 
MOR  and  EOR  measurements  were  performed. 

3.  Results  and  discussion 

3. J.  UV— visible  analysis  of  the  RUCI3—HCIO4  solutions 

Spectrophotometric  measurements  were  carried  out  on  fresh 
and  aged  RuCh  solutions  to  characterize  the  nature  of  the  Ru 
complexes  and  their  evolution  with  time,  which  were  interpreted 
from  the  spectral  data  reported  in  literature  [34—39].  As  an 
example,  the  results  for  the  as-prepared  and  1 -month  aged 
8.0  x  10-3  M  RuCh  +  0.1  M  HCIO4  solution  are  depicted  in  Fig.  1.  The 
UV— vis  spectrum  of  the  as-prepared  solution  (spectrum  a)  showed 
absorption  bands  at  A 1  =  225  nm,  /q  =  260  nm,  A3  =  392  nm  and 
A4  —  469  nm.  The  first  and  the  third  bands  can  be  attributed  to  the 
[Ru(H20)6]3+  complex.  Thus,  the  signal  at  A,  =  225  nm  is  caused  by 
a  charge-transfer  transition,  whereas  the  signal  at  A3  =  392  nm  is 
originated  by  a  spin-allowed  d— d  transition  [38],  The  band  at 
A4  =  469  nm  is  typically  assigned  to  the  RuC>4_  species  [31  ],  but 
since  this  anion  is  unstable  in  acid  solutions  [36],  this  peak  is 
proposed  to  be  related  to  the  early  formation  of  [RuO(H20)4]2+,  i.e. 
Ru  (IV)  as  ruthenyle,  which  is  the  most  characteristic  Ru  species  in 
HCIO4  solutions  [37,39].  This  assumption  is  supported  by  the  weak 
band  observed  at  A2  =  260  nm,  caused  by  generic  Ru  (IV)  species 
[34], 


Wavelength  /  nm 


Fig.  1.  UV-visible  spectra  of  (a)  as-prepared  and  ( b )  1-month  aged  8.0  x  10-3  M 
R11CI3  +  0.1  M  HCIO4  solution,  showing  the  absorption  bands  A*  A2,  A3,  A4  and  A5. 


A  different  UV-vis  spectrum  can  be  observed  for  the  1 -month 
aged  solution  in  Fig.  1  (spectrum  b).  The  band  at  A3  =  392  nm 
disappears,  a  new  signal  at  A5  =  300  nm  appears  and  the  original 
band  at  A4  =  469  nm  becomes  wider  between  430  and  500  nm.  The 
more  logical  explanation  for  the  disappearance  of  A3  is  the  complete 
removal  of  the  [Ru(H20)6]3+  complex,  either  by  formation  of  new 
Ru  (III)  complexes  or  by  oxidation  to  Ru  species  of  higher  oxidation 
states.  Both  hypothesis  are  plausible  by  the  apparition  of  the 
absorption  band  at  As  =  300  nm,  which  could  be  due  to  the 
contribution  of  [Ru0(H20)4]2+  [37],  [RuC1(H20)5]2+  [38], 

[RuCl2(H20)4]+  [34]  and  perruthenate  (RuOi)  [36],  species.  The 
presence  of  RuOj  would  also  cause  the  expansion  of  the  band  at 
A4  —  469  nm  [30].  Despite  the  large  variety  of  possible  Ru 
complexes/ions,  [Ru0(H20)4]2+  can  be  considered  as  the  main  Ru 
species  involved  in  the  spontaneous  deposition  from  aged  RuCh 
solutions  [27],  although  the  deposition  from  Ru  (III)  complexes  or 
RuC>4  is  also  plausible  [30], 

3.2.  Cyclic  voltammetry  in  0.5  M  H2S04 

The  cyclic  voltammograms  of  the  Ru(Pt)/C  electrocatalyst  in 
deaerated  0.5  M  H2SO4  are  highlighted  in  Fig.  2,  with  coverages  in 
the  range  0.00—0.62.  The  most  characteristic  features  when 
increasing  8  are:  (i)  the  decrease  of  the  charge  involved  in  the 
hydrogen  adsorption/desorption  (Hads/des)  reactions  between  0.00 


E/V 

Fig.  2.  Cyclic  voltammograms  of  the  Ru(Pt)/C  electrocatalysts  prepared  through 
spontaneous  deposition  with  coverage  8:  (a)  0.00,  (b)  0.03,  (c)  0.14,  (d)  0.27,  (e)  0.44  (d) 
8  =  0.62  in  Ar-sparged  0.5  M  H2S04  at  0.02  V  s_1  and  25.0  °C.  Pt  load  of  30  pg  cm~2. 
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and  0.30  V  and  (ii)  the  increase  of  the  double  layer  charge  between 
0.30  and  0.65  V.  The  first  change  is  caused  by  the  incorporation  of 
Ru  species  on  the  surface  of  the  Pt  nanoparticles,  because  they  are 
significantly  less  active  than  Pt  for  hydrogen  adsorption/desorption 
[40],  On  the  other  hand,  the  increase  of  the  double  layer  charge  is 
another  indication  of  the  modification  of  the  Pt/C  specimen 
through  Ru  spontaneous  deposition.  It  has  been  reported  that  the 
double  layer  charge  depends  linearly  on  the  Ru  atomic  fraction  on 
Pt-Ru  alloyed  electrocatalysts  [9],  This  behavior  can  be  explained 
by  the  pseudocapacitive  behavior  related  to  the  formation  of 
hydroxylated  species  on  Ru  atoms  (Ru— OH)  and/or  on  hydrous 
Ru02  (RuOxHy)  [7,41],  However,  the  charge  related  to  the  double 
layer  cannot  be  used  to  determine  the  coverage  of  Pt  by  Ru  species, 
because  (bi)-sulfate  anions  are  also  adsorbed/desorbed  on  Pt  at  this 
potential  region  (E  —  0.55  V  [42]).  For  this  reason,  the  estimation  of 
the  global  coverage  9  was  made  from  the  variation  of  the  Hads/des 
charge,  as  suggested  previously  [30,33], 

The  influence  of  the  concentration  of  RuC13  in  0.1  M  HC104  on  9 
was  analyzed  by  performing  spontaneous  deposition  for  concen¬ 
trations  of  Ru  salt  (Cru)  between  1.0  x  10-4  and  8.0  x  10-3  M  at 
a  fixed  exposition  time  (1800  s).  Fig.  3  presents  the  good  linear 
correlation  between  9  and  log  CRu  (correlation  coefficient 
r  =  0.9986),  suggesting  that  the  adsorption  of  the  Ru  complexes  on 
the  Pt  surface  obeys  a  Temkin  isotherm,  i.e.,  the  adsorption  energy 
changes  linearly  with  the  coverage  and  Eq.  (2)  is  verified  [43]: 

0  =  k  +  ^logCRu  (2) 

where  k  is  a  constant  and  /  is  the  so-called  inhomogeneity  factor 
that  is  related  to  the  distribution  of  the  different  adsorption  sites 
with  respect  to  the  adsorption  energy  on  the  heterogeneous 
adsorbent  surface.  From  the  slope  of  the  plot  of  Fig.  3  (m  =  0.21 ),  a / 
value  of  11  is  obtained.  The  excellent  agreement  of  this  value  with 
that  reported  for  the  adsorption  of  organic  molecules,  as  methanol 
or  formic  acid  (f  ~  12)  or  even  for  hydrogen  adsorption  on  Pt 
surfaces  (f  ~  14)  [44],  supports  the  use  of  the  above  Temkin 
isotherm  for  modeling  the  spontaneous  deposition  of  Ru  species  on 
Pt  nanoparticles. 

The  dependence  of  9  on  the  duration  of  the  deposition  process 
was  assessed  at  different  times  between  300  and  1.8  x  104  s  in 
8.0  x  10-3  M  RuC13  +  0.1  M  HCIO4  solutions.  The  coverage  rate 
v  =  ddjdt  was  analyzed  by  the  Roginsky— Zeldovich— Elovich  (RZE) 


concentration  in  0.1  M  HCIO4  solutions  used  for  the  spontaneous  deposition.  Data 
obtained  from  cyclic  voltammograms  recorded  as  shown  in  Fig.  2. 


expression  given  by  Eq.  (3),  which  is  valid  when  the  adsorption 
process  takes  place  on  an  uniformly  heterogeneous  surface  [44,45]: 

V  =  Tt  =  fc'CRuexp(-a/0)  (3) 

In  Eq.  (3),  k'  is  the  adsorption  constant  and  a  is  the  transfer 
coefficient  of  the  process,  which  takes  a  value  between  0  and  1. 
According  to  the  RZE  expression,  the  rate  of  covering  decreases 
exponentially  with  increasing  coverage.  The  integrated  form  of  Eq. 
(3)  is  given  by  Eq.  (4)  [44]: 

6  =  ^log  (ab)  +2^logt  (4) 

where  a  =  Ic'Cru  and  b  =  af.  Thus,  a  linear  dependence  of  9  on  the 
logarithm  of  deposition  time  (t)  is  expected,  with  a  slope  (p)  =  2.3/ 
b  and  a  Y-intercept  (Yu)  =  2.3 lb  log  (ab).  The  linear  9  vs  log  t  plot 
presented  in  Fig.  4  (r  =  0.9841 )  agrees  with  the  prediction  of  the 
RZE  equation.  From  the  slope  p  —  0.20,  b  =  12  is  obtained.  Taking 
f  —  11  as  calculated  above,  a  value  of  a  close  to  1.0  is  found,  which  is 
quite  reasonable  and  in  agreement  with  the  adsorption  kinetics 
based  on  the  RZE  model.  From  Fig.  4,  it  can  be  also  determined  that 
Yq  —  -0.20,  leading  to  a  —  8.0  x  10-3  s-1.  Taking  into  account  that 
Cru  —  8.0  x  10-3  M,  k'  —  1.0  M-1  s-1.  Note  that  this  analysis  excludes 
the  nature  of  the  Ru  species  deposited  through  spontaneous 
deposition,  but  it  gives  an  interesting  information  about  the 
parameters  that  affect  particular  coverages. 

3.3.  CO  stripping  voltammetry  in  0.5  M  H2SO4 

The  tolerance  towards  the  CO  poisoning  of  the  modified  Ru(Pt)/ 
C  electrocatalysts  was  tested  from  CO  stripping  trials  in  0.5  M 
H2SO4.  Fig.  5  displays  the  voltammograms  recorded  for  different 
Ru(Pt)/C  electrocatalysts  (curves  a-f)  with  9  between  0.00  and  0.41. 
The  anodic  peak  is  caused  by  the  bi-electronic  oxidation  of  the 
adsorbed  CO  monolayer  on  the  electrocatalyst  surface  by 
reaction  (5): 

COads  +  H20  ^  C02  +  2H+  +  2e”  (5) 

As  can  be  observed  in  Fig.  5,  the  incorporation  of  Ru  species  on 
the  surface  of  the  Pt  nanoparticles  changes  the  onset  potential  for 
the  CO  oxidation  to  a  more  negative  value,  with  an  average  shift  of 
A E  =  0.20  V  for  the  Ru(Pt)/C  specimens  compared  to  the  untreated 


log  (f  /  s) 


Fig.  4.  Coverage  of  Pt  by  Ru  species  versus  the  logarithm  of  the  immersion  time  of  the 
electrode  in  8.0  x  10  3  M  RuC13  +  0.1  M  HC104  solution.  Coverage  calculated  from 
cyclic  voltammograms  recorded  under  the  same  conditions  of  Fig.  2. 
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Fig.  5.  Cyclic  voltammograms  for  CO  stripping  on  the  Ru(Pt)/C  electrocatalysts 
prepared  with  8:  (a)  0.00,  (fa)  0.03,  (c)  0.14,  (d)  0.22,  (e)  0.32  and  (/)  0.41  in  Ar-sparged 
0.5  M  H2SO4  at  0.02  V  s~'  and  25.0  °C.  CO  was  previously  adsorbed  during  15  min  at 
0.01  V  and  Ar  was  later  sparged  for  30  min.  (g)  Cyclic  voltammogram  for  the  Ru(Pt)/C 
electrocatalyst  with  8  =  0.41  without  adsorbed  CO.  Catalyst  load  of  30  pg  Pt  cnr2. 


Pt/C  electrocatalyst.  This  then  indicates  that  a  better  CO  tolerance  is 
achieved  when  preparing  Ru(Pt)/C  electrocatalysts  via  spontaneous 
deposition  on  Pt/C  ones.  A  similar  trend  in  the  CO  oxidation  over¬ 
potential  was  previously  reported  for  a  commercial  alloyed  Pt— Ru/ 
C  electrocatalyst  [46],  The  better  tolerance  with  respect  to  the  CO 
poisoning  in  both  cases  is  due  to  the  action  of  hydroxylated  Ru 
species  which  react  with  the  adsorbed  CO  moieties  that  block  the  Pt 
active  sites. 

Another  interesting  fact  depicted  in  the  cyclic  voltammograms 
of  Fig.  5  is  the  presence  of  a  unique  CO  stripping  peak  in  all  cases. 
This  behavior  differs  from  the  two  contributions  reported  for  the 
CO  oxidation  on  Ru-decorated  macroscopic  Pt  surfaces  [47],  one 
corresponding  to  the  Pt  sites  close  to  the  Ru  moieties  and  the  other 
one  related  to  the  Pt  sites  separated  from  the  deposited  Ru  species. 
Thus,  the  presence  of  a  single  peak  on  the  Ru(Pt)/C  electrocatalysts, 
as  typically  obtained  for  Pt-Ru  alloys  [23,48],  indicates  an  homo¬ 
geneous  distribution  of  the  Ru  species  on  the  original  Pt 
nanoparticles. 

The  l—E  curves  of  Fig.  5  also  show  the  change  of  two  main 
parameters  with  8:  (i)  the  CO  stripping  peak  potential  (Ep.co)  and 
(ii)  the  charge  involved  in  the  anodic  process  (Qco)-  The  latter  is 
connected  to  the  electrochemical  active  surface  area  (ECSA)  of  the 
electrocatalyst,  considering  that  a  charge  of  420  pC  cm-2  is  needed 
for  the  oxidation  of  a  CO  monolayer  [48],  The  analysis  of  Ep.co  and 
the  variation  of  ECSA  with  respect  to  the  untreated  Pt/C  electro¬ 
catalyst,  expressed  as  percentage  (AECSA),  in  front  of  the  coverage, 
are  presented  in  Fig.  6a  and  b,  respectively.  AECSA  values  were 
calculated  according  to  the  expression  AECSA  =  ((Qco.i  -  Qco.o)/ 
Qco.o)  x  100,  where  Qco.o  and  Qco.i  are  the  charges  for  CO  stripping 
before  and  after  the  spontaneous  deposition,  respectively. 

Fig.  6a  evidences  that  £p,co  reaches  its  minimum  value  for  8 
about  0.22,  where  the  electrocatalyst  attains  the  best  performance 
for  CO  oxidation,  with  a  reduction  of  the  peak  potential  of  0.16  V.  At 
this  coverage,  the  closest  approach  between  adsorbed  COads  and 
OHa(j  species  is  expected,  thus  making  more  effective  the  bifunc¬ 
tional  mechanism.  Note  that  this  coverage  is  significantly  smaller 
than  8  —  0.50,  which  could  be  initially  suggested  from  the  bifunc¬ 
tional  mechanism  on  Pt— Ru  alloys  (a  CO  molecule  on  a  Pt  atom 
close  to  a  Ru— OH  moiety).  However,  this  assumption  is  only  valid 
when  Ru  metal  is  considered,  and,  consequently,  our  result  of 
8  =  0.22  could  be  due  to  the  deposition  of  other  Ru  species  like 
RuOxHy,  which  have  a  promotional  effect  for  CO  oxidation  even 
greater  than  metallic  Ru  [26], 


Fig.  6.  (a)  Anodic  peak  potential  for  CO  stripping  and  (b)  electrochemical  active  surface 
area  (ECSA)  variation  with  6.  Data  obtained  from  cyclic  voltammograms  for  the  CO 
oxidation  on  Ru(Pt)/C  electrocatalysts  recorded  in  the  same  conditions  as  in  Fig.  5. 

Fig.  6b  shows  a  regular  increase  of  the  active  surface  area  up  to 
achieve  a  maximum  AECSA  =  60%  at  8  about  0.27,  which  is  further 
reduced  for  higher  coverages.  This  maximum  can  be  related  to  the 
optimum  surface  composition  originating  the  best  synergistic 
effect  between  the  Pt  sites  and  the  incorporated  Ru  species.  Note 
also  that  this  value  is  close  to  8  =  0.22,  which  corresponds  to  the 
lowest  EPico-  The  increase  in  the  AECSA  for  low  coverages  takes 
place  together  with  the  reduction  in  the  charge  for  the  hydrogen 
adsorption/desorption,  and  therefore,  it  has  to  be  explained  by  the 
participation  of  other  species  different  from  Pt,  also  able  to  adsorb 
CO.  This  different  species  is  most  probably  Ru  metal,  produced  by 
partial  reduction  during  CO  adsorption,  of  the  Ru  oxides  produced 
by  spontaneous  deposition.  It  is  known  that  CO  is  not  chemisorbed 
on  Ru  oxides  [24]  and  that  CO  molecules  are  bonded  linearly  to  Pt 
atoms  with  a  conversion  factor  of  420  pC  cm  2,  whereas  for  the  bi- 
electronic  CO  oxidation  of  Ru  (001 ),  this  factor  rises  to  506  pC  cm  2 
[40,49],  It  can  be  argued  that  a  non-faradaic  charge  could 
contribute  to  the  Qco  calculation  at  each  coverage  [50,51],  but  this 
contribution  should  not  be  significant  in  our  case  because  curve  g  in 
Fig.  5  shows  a  negligible  capacitive  contribution  in  front  of  Qco  at 
high  8  values.  In  addition,  the  partial  reduction  of  the  Ru  oxides 
produced  by  spontaneous  deposition  at  low  coverages  was  also 
claimed  by  Chrzanowski  and  Wieckowski  from  CV  studies  on  single 
crystal  Pt  faces  [27], 

According  to  these  arguments,  for  coverages  greater  than  about 
0.27,  the  ECSA  decreases  and  the  peak  potential  of  CO  stripping 
moves  in  the  positive  direction  because  the  amount  of  Ru  oxides 
spontaneously  deposited  overcompensate  the  free  Pt  sites  and,  in 
addition,  such  oxides  are  less  reducible.  The  non-reducible  char¬ 
acter  of  the  Ru  oxides  produced  by  spontaneous  deposition  with 
high  coverages  was  also  invoked  by  Maillard  et  al.  from  CV 
studies  [31], 

In  short,  the  model  explaining  the  present  results  should 
consider  the  formation  of  Ru  oxides  such  as  RuOxHy  during  the 
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spontaneous  deposition.  Some  Ru  oxides  are  partially  reducible  at 
low  coverages  (smaller  than  about  0.25),  so  that  Ru  and  RuOxHy 
could  contribute  to  the  promotional  effect  for  CO  oxidation.  In 
contrast,  for  coverages  higher  than  about  0.25,  Ru  oxides  become 
non-reducible,  although  RuOxHy  would  also  contribute  to  the 
promotional  effect  for  CO  oxidation.  Then,  the  increasing  amounts 
of  non-reducible  deposited  oxides  would  block  more  Pt  active  sites 
so  that  such  a  promotional  effect  decreases. 

3.4.  Tafel  analysis  of  CO  oxidation  on  Ru(Pt)/C 

The  E  vs.  log  I  plots  for  the  CO  oxidation  on  the  untreated 
electrocatalyst,  curve  a,  and  on  Ru(Pt)/C  specimens  with  coverage 
in  the  range  0.14—0.41,  curves  b—e,  were  built  up  using  the  I—E  data 
collected  in  the  lower  overpotential  region  close  to  the  onset 
potential  (i.e.  0.65-0.75  and  0.50-0.60  V  for  Pt/C  and  Ru(Pt)/C, 
respectively).  From  these  plots,  shown  in  Fig.  7a,  the  apparent  Tafel 
slopes,  bco,  were  determined  in  the  linear  regions  with  r  >  0.99  and 
the  variation  of  these  apparent  Tafel  slopes  with  6  have  been 
depicted  in  Fig.  7b.  For  untreated  Pt/C,  bco  was  close  to  120  mV,  in 
agreement  with  the  theoretical  value  for  a  multistep  reaction  with 
the  first  electron  transfer  being  the  rate-determining  step  (rds),  the 
adsorbed  intermediates  following  a  Langmuir  isotherm  [52], 
Christensen  et  al.  [5]  proposed  the  direct  oxidation  of  the  adsorbed 
CO  molecules  by  water  (Eley-Rideal  mechanism)  from  reaction  (6), 
followed  by  an  oxidation  to  generate  CO2  via  reaction  (7): 

Pt-CO  +  H20  Pt-C02Hads  +  H+  +  e“  (6) 

Pt— C02Hads  -  Pt-  C02  +  H+  +  e“  (7) 


Fig.  7.  (a)  Tafel  plots  for  the  CO  oxidation  on  Ru(Pt)/C  electrocatalysts  with  0:  (0)  0.00, 
(b)  0.14,  (c)  0.25,  (d)  0.32  and  (e)  0.41.  (b)  Apparent  Tafel  slope  for  CO  oxidation  as 
a  function  of  8.  Data  collected  from  polarization  curves  obtained  from  CO  stripping 
experiments  made  as  in  Fig.  5. 


In  contrast,  Seland  et  al.  [10]  proposed  the  presence  of 
hydroxylated  Pt  species  formed  by  water  discharge  on  Pt  free  sites 
through  step  (8)  and  a  consecutive  Langmuir-Hinshelwood 
oxidation  step  from  reaction  (9): 

Pt  +  H20  ^  Pt-OH  +  H+  +  e“  (8) 

Pt-CO  +  Pt-OH  -►  2Pt  +  C02  +  H+  +  e~  (9) 

The  Tafel  slope  of  120  mV  for  the  Pt/C  electrocatalyst  could  then 
be  due  to  steps  (6)  or  (8)  as  the  rds  of  the  mechanism.  On  the  other 
hand,  Fig.  7b  shows  that  for  the  Ru(Pt)/C  electrocatalysts,  the  Tafel 
slope  presented  a  minimum  of  about  110  mV  at  8  =  0.22,  whereas 
higher  values  of  about  160-170  mV  were  obtained  for  8  =  0.03- 
0.14  and  a  gradual  increase  from  120  to  160  mV  was  found  from 
8  =  0.25  to  6  =  0.41.  As  previously  suggested  [26,41],  the  Ru- 
modified  specimens  could  be  oxidized  to  hydroxylated  Ru  moie¬ 
ties  (RuOxHy(OH))  through  reaction  (10),  which  could  further  react 
with  the  adsorbed  CO  on  the  Pt  active  sites  by  reaction  (11): 

RuOxHy  +  H20  -  RuOxHy(OH)  +  H+  +  e"  (10) 

RuOxHy(OH)  +  Pt-CO  —  RuOxHy  +  Pt  +  C02  +  H+  -  e  (11 ) 

Assuming  reaction  (10)  as  the  rds,  the  average  Tafel  slope  for  the 
Ru(Pt)/C  electrocatalysts  is  expected  to  be  ~140  mV  [12,53]. 
However,  this  step  takes  place  simultaneously  to  the  slow  reaction 
(11),  which  can  be  related  to  lower  apparent  Tafel  slopes  of  110- 
120  mV.  As  the  variation  of  the  Tafel  slope  with  the  coverage 
follows  the  same  trend  as  the  CO  stripping  peak  potential  in  Fig.  6a 
and  a  minimum  Tafel  slope  of  about  110  mV  is  found  for  the  same  0 
of  0.22,  it  is  suggested  that  at  this  coverage  the  CO  oxidation 
reaction  is  kinetically  more  favored. 

3.5.  Methanol  and  ethanol  oxidation  reaction  on  Ru(Pt)/C 

Fig.  8a  presents  the  anodic  scans  obtained  for  the  MOR  in  0.5  M 
H2S04  + 1.0  M  CH3OH  using  Ru(Pt)/C  electrocatalysts  prepared  with 
8  between  0.00  and  0.62.  The  overall  reaction  can  be  written  as 
follows: 

CH3OH  +  H20  ->■  C02  +  6H+  +  6e-  (12) 

A  general  decay  of  0.10  V  in  the  onset  potential  can  be  observed 
for  the  Ru-modified  specimens  (curves  b—e)  in  comparison  to  the 
untreated  Pt/C  electrocatalyst  (curve  a),  indicating  a  promotional 
effect  of  the  MOR  as  a  result  of  the  spontaneous  deposition. 
Moreover,  the  MOR  current  density  Omor)  is  found  markedly 
dependent  on  the  coverage.  As  can  be  seen  in  the  inset  panel  of 
Fig.  8a,  j'mor  reaches  a  maximum  at  8  ~  0.25  for  the  three  selected 
potentials.  At  0.50  V,  for  example,  this  maximum  value  is  about  3 
times  higher  than  the  j'mor  of  the  Pt/C  electrocatalyst.  This  greater 
performance  is  then  achieved  by  the  incorporation  of  Ru  species  on 
the  Pt  surface,  as  detected  in  the  CO  stripping  experiments.  Note  in 
addition  that  the  same  optimum  coverage  as  for  the  latter  is  ob¬ 
tained,  thus  indicating  that  CO  is  an  intermediate  involved  in  the 
rds  corresponding  the  MOR  mechanism.  The  decrease  of  j'mor  at 
8  >  0.25  would  be  caused  by  a  blocking  effect  of  the  Ru  deposits  on 
the  Pt  active  sites,  as  discussed  above  for  the  CO  oxidation. 

The  behavior  of  the  Ru(Pt)/C  electrocatalysts  in  front  of  the  EOR 
was  evaluated  in  the  same  way  using  a  0.5  M  H2S04  +  1.0  M 
CH3CH2OH.  The  corresponding  anodic  voltammograms  for  the  Ru- 
modified  electrocatalysts  with  coverages  between  0.00  and  0.59  are 
depicted  in  Fig.  8b.  In  this  case,  the  overall  EOR  process  can  be 
expressed  as  follows: 
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Fig.  8.  (a)  Cyclic  voltammograms  (only  the  anodic  swept  is  shown)  for  the  methanol 
oxidation  reaction  (MOR)  on  the  Ru(Pt)/C  electrocatalyst  with  9:  (a)  0.00,  (b)  0.08,  (c) 
0.25,  (d)  0.40  and  (e)  0.62.  The  inset  panel  shows  the  MOR  current  density  at  ( O ) 
0.50  V,  ( □ )  0.55  V  and  ( A )  0.60  V  vs  9.  Data  obtained  in  0.5  M  H2S04  + 1.0  M  CH30H  at 
0.02  V  s~'  and  25.0  °C.  (b)  Polarization  curves  (only  anodic  scans)  corresponding  to  the 
ethanol  oxidation  reaction  (EOR)  on  the  same  electrocatalyst  with  9:  (o)  0.00,  (b)  0.05, 
(c)  0.23,  (d)  0.49  and  (e)  0.59.  The  inset  panel  presents  the  change  of  EOR  current 
density  at  (O)  0.50  V,  (□)  0.55  V  and  (A)  0.60  V  with  9.  Data  obtained  in  0.5  M 
H2S04  +  1.0  M  CH3CH2OH  at  0.02  V  s  1  and  25.0  °C. 


CH3CH2OH  +  3H20  2C02  +  12H+  +  12e“  (13) 

As  in  the  case  of  the  MOR,  a  considerable  reduction  of  the  onset 
potential  close  to  0.20  V  is  achieved  when  the  EOR  takes  places  on 
the  Ru-modified  electrodes.  The  inset  panel  of  Fig.  8b  also  shows 
that  the  EOR  current  density  at  low  overpotential  (jeor)  reaches 
a  maximum  for  8  =  0.20-0.30  in  all  the  potentials  selected.  The 
similar  value  of  this  coverage  to  that  found  for  the  MOR  suggests 
that  CO/CHxO  generation  takes  place  during  the  EOR,  in  agreement 
with  Gomes  et  al.  [16],  who  used  Fourier  transform  infrared  spec¬ 
troscopy  (FT1R)  on  low-index  Pt  surfaces.  One  can  then  suppose 
that  the  hydroxylated  Ru  species  present  in  the  Ru(Pt)/C  electro¬ 
catalysts  are  also  involved  in  the  ethanol  electrooxidation  pathway. 
Note  that  the  EOR  leads  to  the  formation  of  not  only  C02  on  Pt- 
based  electrocatalysts,  but  also  to  products  like  CH3CHO  (2- 
electron  process)  and  CH3COOH  (4-electron  process)  [14,17], 
According  to  Camara  et  al.  [14],  the  acetic-acid  production  is 
enhanced  via  oxidation  of  acetaldehyde  in  Pt-Ru  alloys  compared 
to  Pt  electrocatalysts,  with  only  a  minimal  production  of  C02  (5%). 
Therefore,  it  is  reasonable  to  assume  that  up  to  6  ca.  0.25,  increasing 
amounts  of  Ru  species  gradually  promote  the  EOR  by  the  oxidation 
of  intermediates  with  the  help  of  the  hydroxylated  Ru  moieties, 
thus  resulting  in  an  increase  of  j'eor-  The  progressive  inhibition  of 
the  EOR  for  6  >  0.25  can  again  be  related  to  the  blocking  effect  of 
larger  amounts  of  Ru  deposits  on  the  active  sites  for  the  alcohol 
oxidation. 


3.6.  Tafel  analysis  of  MOR  and  EOR  on  Ru(Pt)/C 

The  E  vs.  log  I  plots  for  the  MOR  on  the  modified  Ru(Pt)/C 
electrocatalysts  are  shown  in  Fig.  9a.  From  these  plots,  the  Tafel 
slopes,  t>MOR.  were  determined  in  the  linear  regions  with  r  >  0.99 
and  depicted  in  the  inset  of  the  same  figure.  As  can  be  observed,  the 
incorporation  of  Ru  species  on  the  electrocatalyst  causes  a  gradual 
increase  of  the  Tafel  slope  with  coverage,  being  bM0R  =  230  mV  at 
6  =  0.62,  which  is  almost  twice  the  value  of  123  mV  obtained  for  the 
untreated  Pt/C  electrocatalyst.  The  Tafel  slope  of  ca.  120  mV  at 
8  —  0.00  agrees  with  the  theoretically  expected  value  for  a  first 
electron  transfer  being  the  rds  and  the  adsorption  of  intermediates 
under  Langmuir  conditions.  A  plausible  mechanism  for  the  MOR  is 
initiated  by  the  adsorption  of  methanol  on  Pt  active  sites  from 
reaction  (14),  followed  by  consecutive  dehydrogenation  steps  until 
the  adsorbed  CO  is  formed  via  reactions  (15)  and  (16)  [10]: 


Pt  +  CH30H 

-  Pt— CH3OHads 

(14) 

Pt— CH3OHad 

S  -»  Pt— CHxOads  +  (4  -  x)H+  +  (4  -  x)e" 

(X  =  1,2,3) 

(15) 

Pt-CHOads  ->•  Pt-CO  -  H+  -  e 

(16) 

The  adsorbed  CO  would  then  be  oxidized  following  the  reaction 
pathways  described  above,  so  that,  reaction  (6)  or  (8)  could  be  the 
rds  of  the  MOR  taking  into  account  that  the  4-electron  methanol 


Fig.  9.  (a)  Tafel  plots  for  the  MOR  on  the  Ru(Pt)/C  electrocatalysts  with  9:  (a)  0.00,  (b) 
0.22,  (c)  0.38  and  (d)  0.62.  The  inset  panel  presents  the  apparent  Tafel  slope  for  the 
MOR  (6mor)  as  a  function  of  9.  (b)  Tafel  plots  for  the  EOR  on  the  on  the  same  elec¬ 
trocatalysts  with  9:  (a)  0.00,  (b)  0.22,  (c)  0.40  and  (d)  0.58.  The  inset  panel  shows  the 
apparent  Tafel  slopes  for  the  EOR  at  the  low  overpotential  (bM0R,i)  and  the  high 
overpotential  (bMoiu)  regions  plotted  vs  9.  MOR  and  EOR  polarization  curves  were 
obtained  under  the  same  conditions  of  Fig.  8. 
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dehydrogenation  process  is  a  faster  pathway.  In  contrast,  the 
continuous  increase  of  the  Tafel  slope  with  8  could  be  related  to  the 
introduction  of  Ru  deposits  that  generate  hydroxylated  species  with 
a  strong  potential  dependence  with  coverage  that  cannot  be  simply 
interpreted  from  Butler— Volmer  equation  [52],  A  similar  trend  was 
described  by  Sieben  et  al.  when  analyzing  the  MOR  on  supported  Pt 
and  Pt— Ru  nanoparticles  prepared  by  potentiostatic  electrodepo¬ 
sition  [11].  A  similar  and  high  Tafel  slope  of  ~200  mV,  strongly 
dependent  on  the  temperature  and  the  coverage,  was  also  found  for 
the  MOR  on  an  alloyed  Pt— Ru/C  electrocatalyst,  reaction  (11)  being 
proposed  as  the  rds  [12],  Moreover,  the  adsorption  of  intermediates 
(Pt— CH3OHads,  Pt— CHxO,  Pt-CO,  RuOxHy(OH))  under  Temkin 
conditions  could  increase  the  Tafel  slope  for  the  MORon  the  Ru(Pt)/C 
electrocatalysts  twice  the  ordinary  value  of  120  mV  [52], 

Fig.  9b  depicts  the  E  vs.  log  I  plots  for  the  EOR  on  Ru(Pt)/C 
electrocatalysts  with  8  from  0.00  to  0.59.  While  the  unmodified 
specimen  presents  a  single  Tafel  plot  in  the  potential  region  of 
0.40-0.60  V,  the  Ru-modified  specimens  show  two  anomalous 
Tafel  slopes,  beoR,!  =  380-500  mV  in  the  lower  overpotential  region 
of  0.30-0.50  V  and  bE0R,2,  =  220-230  mV  in  the  higher  over¬ 
potential  region  of  0.50—0.60  V.  All  these  Tafel  slopes  were  deter¬ 
mined  from  the  corresponding  linear  regions  with  r  >  0.99.  The 
latter  slope  approaches  the  value  for  the  untreated  Pt/C  electro¬ 
catalyst.  Both  bEOR,t  and  b eor.2  vaguely  increase  with  coverage,  as 
can  be  seen  in  the  inset  of  Fig.  9b.  The  ratio  between  the  high  and 
the  low  Tafel  slope  was  maintained  equal  to  1.9  ±  0.2  in  the  entire 
range  of  coverage  analyzed.  As  in  the  case  of  the  MOR,  these  Tafel 
slopes  have  not  the  usual  meaning  extracted  from  formal  Electro- 
dics  analysis,  since  the  EOR  takes  place  on  a  changing  Ru(Pt) 
surface— electrolyte  interface  with  continuous  generation  of  inter¬ 
mediate  species.  Note  that  a  b eor  as  high  as  300  mV  was  reported 
by  Otomo  et  al.  [19]  for  the  EOR  on  a  carbon-supported  Pt  elec¬ 
trocatalyst,  whereas  Du  et  al.  [15]  found  a  slope  of  257  mV  dec  1  for 
a  Pt— Ru/C  specimen.  Taking  into  account  the  detected  intermedi¬ 
ates  in  the  EOR  [16,17,20],  the  following  mechanism  has  been 
proposed.  It  starts  with  the  chemisorption  of  ethanol  on  Pt  active 
sites  via  reaction  (17),  which  is  subsequently  oxidized  to  acetal¬ 
dehyde  by  reaction  (18).  The  adsorbed  acetaldehyde  can  react  with 
Pt  and/or  hydroxylated  Ru  species  to  yield  acetic  acid  from  reaction 
(19),  where  OHads  represents  the  species  formed  in  reactions  (8)  or(10). 

Pt  +  CH3CH2OH  -►  Pt— CH3CH2OHads  (17) 

Pt-CH3CH2OHads  -  Pt— CH3CHOads  +  2H+  +  2e"  (18) 

Pt— CH3CHOads  +  OHads  -  Pt— CH3COOHads  +  H+  +  e“  (19) 

The  rupture  of  the  C— C  bond  could  be  an  alternative  pathway  to 
generate  acetyl  radical  from  reaction  (20),  which  suffers  a  homo- 
lytic  cleavage  to  give  carbon  monoxide  and  methyl  radical  by 
reaction  (21 ).  The  CO  thus  formed  is  further  oxidized  to  C02  by  the 
action  of  water  from  reaction  (6)  or  by  OHads  moieties  via  reaction 
(9)  and/or  (11).  The  methyl  radical  is  removed  by  reaction  with 
adsorbed  hydrogen  leading  to  methane  by  reaction  (22)  [17], 

Pt-CH3CHOads  -+  Pt— CH3COads  +  H+  +  e"  (20) 

Pt— CH3COads  -  Pt  ^  Pt-CO  +  Pt— CH3  ads  (21 ) 

Pt-CH3,ads  +  Pt-H  -►  2Pt  +  CH4  (22) 

The  existence  of  two  Tafel  slopes  for  the  EOR  and  their  depen¬ 
dence  on  the  coverage  could  be  related  to  a  change  of  the  rds  on  the 
Ru(Pt)/C  electrocatalysts  when  the  potential  is  increased.  The 


abnormal  high  value  of  &eor,i  rnay  be  assigned  to  a  rds  involving 
a  chemical  step  without  electron  transfer  such  as  the  formation  of 
CO  adsorbed  on  Pt  active  sites  by  reaction  (21 )  [52],  The  Tafel  region 
with  lower  &eor,2  may  then  be  associated  with  the  CO  oxidation  as 
the  slow  step  of  the  EOR  pathway,  following  reactions  (6)— (9)  or 
(10)  and  (11)  for  Pt/C  or  Ru(Pt)/C  electrocatalysts,  respectively,  as 
commented  for  the  MOR.  This  is  supported  by  the  similar  bEOR,2  and 
bMOR  values  obtained  at  the  same  potential  region  where  they 
appear. 

4.  Conclusions 

Ru(Pt)/C  electrocatalysts  with  controlled  coverage  of  Pt  nano¬ 
particles  by  Ru  species  were  synthesized  using  the  spontaneous 
deposition  technique.  The  deposition  from  Ru  aqueous  complexes, 
mainly  containing  [Ru0(H20)4]2+  species,  was  studied  by  cyclic 
voltammetry  and  could  be  adjusted  to  a  Temkin  adsorption 
isotherm  and  to  an  RZE  kinetics.  The  CO  stripping  experiments 
showed  the  maximum  catalytic  activity  for  the  Ru(Pt)/C  electro¬ 
catalysts  when  8  =  0.20-0.30,  owing  to  the  reduction  of  the 
overpotential  and  the  increase  of  the  ECSA.  The  introduction  of  Ru 
species  mainly  as  RuOxHy  (hydrated  Ru02)  is  proposed  to  explain  its 
promotional  effect,  based  on  the  participation  of  hydroxylated  Ru 
species  on  the  CO  removal.  Similar  Tafel  slopes,  close  to  120  mV, 
were  found  for  the  CO  oxidation  on  the  Ru(Pt)/C  specimens  with 
a  minimum  Tafel  slope  of  110  mV  for  the  most  favorable  coverage, 
indicating  the  first  electron  transfer  as  the  rds.  An  enhancement  of 
the  MOR  and  EOR  and  a  similar  optimum  coverage  close  to  0.25  was 
determined  for  the  Ru(Pt)/C  electrocatalysts,  suggesting  the 
formation  of  CHxO/CO  as  adsorbed  intermediates  and  the  partici¬ 
pation  of  RuOxHy(OH)  species  in  the  oxidation  pathway  of  both 
alcohols.  The  Tafel  slopes  varied  with  the  coverage  by  Ru  species. 
For  the  MOR,  a  progressive  increase  of  the  Tafel  slope  with  6  from 
an  initial  value  of  about  120  mV  up  to  a  final  one  of  about  230  mV 
was  found,  being  ascribed  to  the  action  of  the  generated  adsorbed 
intermediates  under  Temkin  conditions  in  the  CO  oxidation  as  the 
rds.  An  analogous  evolution  of  the  Tafel  slopes  with  the  coverage 
was  obtained  for  the  EOR,  but  presenting  double  Tafel  slope 
behavior,  explained  assuming  a  change  of  the  rds  from  a  chemical 
step  without  electron  transfer  to  the  CO  oxidation  removal.  The 
present  work  shows  the  viability  of  the  spontaneous  deposition  as 
suitable  technique  for  the  preparation  of  CO  tolerant  and  active 
MOR/EOR  Ru(Pt)/C  electrocatalysts  as  an  alternative  to  the  more 
utilized  Pt-Ru  alloy  systems. 
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